The maize sole cropping system solves problems related to ground water resource shortages and guarantees food security in the North China Plain. Using optimal sowing dates is an effective management practice for increasing maize yield. The goal of this study was to explore an optimum sowing date for high-yield maize. Six sowing dates (SDs) from early April to late June with intervals of 10 to 20 days between SD-SD1 (early April), SD2 (mid to late April), SD3 (early May), SD4 (mid to late May), SD5 (early June), SD6 (late June)-were applied from 2012 to 2017. The results showed that yield was correlated with the sowing date based on the thermal time before sowing (r = 0.62**), which was defined as the pre-thermal time (PTt), and that the yield was steadily maintained at a high level (>10,500 kg ha −1 ) when PTt was greater than 479 • C. To satisfy the growing degree-days required for maturity, maize needs to be sown before a PTt of 750 • C. Data analysis of the results from 2014, 2015, and 2017 revealed the following: i) Most of the grain-filling parameters of late-sown dates (SD4, SD5 and SD6) were better than those in early-sown dates (SD1, SD2, and SD3) in all years, because of the high daily maximum temperature (Tmax) and wide diurnal temperature (Td) from silking to blister (R1-R2) of early-sown dates. The weight of maximum grain-filling rate (Wmax) of SD3 decreased compare with SD4 by the narrow Td from blister to physiological maturity (R2-R6) in all years (−5, −12, and −33 mg kernel −1 in 2014, 2015, and 2017, respectively). ii) In 2017, the pollination failure rates of early-sown dates were 8.4~14.5%, which was caused by the high Tmax and Td of R1-R2. The apical kernel abortion rates were 28.6 (SD2) and 38.7% (SD3), which were affected by Tmax and Td during R2-R6. iii) Compared with late-sown dates, the wide Td of early-sown dates in R1-R2 was caused by higher Tmax, but the narrow Td in R2-R6 was caused by higher Tmin. Our results indicate that high-yielding maize can be obtained by postponing the sowing date with a PTt of 480~750 • C, which can prevent the negative effects of the high Tmax of R1-R2 and high Tmin of R2-R6 on kernel number and weight formation. Moreover, these above-mentioned traits should be considered for heat tolerance breeding to further increase the maize yield.
Introduction
Global demand for water has sharply increased over the last century. Total annual water withdrawal from agriculture, municipalities, and industries increased from less than 580 km 3 in 1900 stage, vegetative and reproductive co-growth stage, and reproductive stage; and iii) analyze the effects of meteorological factors during the critical period (vegetative and reproductive co-growth stage and reproductive stage, which are crucial stages to establish the kernel number and kernel weight). More specifically, the aim of this study was to verify the following hypotheses that the meteorological factors influence the kernel set and that the sowing dates of maize sole cropping system in NCP can be optimized further.
Materials and methods

Site Description
Field experiments were conducted from 2012 to 2017 at the Wuqiao Experimental Station (37°41′ N, 116°37′ E) of China Agricultural University. This station is located in Wuqiao County, Hebei Province, and is representative of the agricultural production and climate conditions in the northern part of the North China Plain. In 2012-2017, the average annual growing degree-days (GDD) in this district was 2612 ± 68.2 °C and the average annual precipitation from April to November was 542 ± 100.6 mm. However, 75% of precipitation was concentrated in June to August (source from the Chinese Meteorological Administration), meanwhile, the highest temperatures also occurred during this period (Figure 1 ). The soil type is silty loam (The International Union of Soil Sciences (IUSS) Working Group WRB, 2006). The plow layer was about 0.2 m thick, contained 4.25 g kg −1 of organic matter, 0.54 g kg −1 of total nitrogen, 8.9 mg kg −1 of available phosphate, and 98.6 mg kg −1 of available potassium, and had a pH of 8.2. The soil profile properties contained 1.44 g cm −3 of bulk density and 0.31 g cm −3 of field capacity. 
Experimental Design
The high-yield maize variety Jinhai 5 was selected from previous experiments [5] , and the GDD required for the maturity of Jinhai 5 was approximately 1850 °C. The sowing date and pre-thermal time (PTt), which were calculated by Eq. (13) and Eq. (14) , were established as shown in Table 1 . Treatments were arranged in a randomized complete block design with three replicates. The size of each plot was 7 × 9 m. The row spacing was 0.60 m, and the plant spacing was 0.25 m (approximately 67,000 plants ha -1 ). Plots were sowed by hand with three seeds per hill and thinned to the desired density at the V5 [28] growth stage. Irrigation was supplied to each plot as needed (the 0-20 cm soil water content was maintained above 60% of the maximum field moisture capacity), and the water content was measured using a portable three-prong WET Kit (Delta-T Devices Ltd., Cambridge, UK) every 10 days to avoid drought stress. The field was fertilized with 45 m 3 ha −1 of organic fertilizer 
The high-yield maize variety Jinhai 5 was selected from previous experiments [5] , and the GDD required for the maturity of Jinhai 5 was approximately 1850 • C. The sowing date and pre-thermal time (PTt), which were calculated by Equation (13) and Equation (14) , were established as shown in Table 1 . Treatments were arranged in a randomized complete block design with three replicates. The size of each plot was 7 × 9 m. The row spacing was 0.60 m, and the plant spacing was 0.25 m (approximately 67,000 plants ha -1 ). Plots were sowed by hand with three seeds per hill and thinned to the desired density at the V5 [28] growth stage. Irrigation was supplied to each plot as needed (the 0-20 cm soil water content was maintained above 60% of the maximum field moisture capacity), and the water content was measured using a portable three-prong WET Kit (Delta-T Devices Ltd., Cambridge, UK) every 10 days to avoid drought stress. The field was fertilized with 45 m 3 ha −1 of organic fertilizer (composted swine manure applied before sowing; the moisture, N, P 2 O 5 , and K 2 O contents were 81.2%, Agronomy 2019, 9, 198 4 of 18 0.56%, 0.44%, and 0.47%, respectively) prior to planting. The chemical fertilizer which included 240 kg N ha −1 (base fertilizer:V7 topdressing:V12 topdressing: VT topdressing = 2:3:2:3), 360 kg P ha −1 (base fertilizer), and 240 kg K ha −1 (base fertilizer:V12 topdressing = 2:3) were applied in the field. Weeds, diseases, and pests were well-controlled throughout the experiment. The herbicides (Topramezone (Arietta, BASF, Germany)) was sprayed immediately after sowing, and the weeds were pulled out manually in the later stage. The pesticides (Imidacloprid (Admire, Bayer, Germany) and Avermectin (Belt, Bayer, Germany)) was applied at seedling stage and after anthesis.
Sampling and Measurements
At harvest (greater than 50% of the kernels in the central part of maize cobs presented with a black abscission at the base of the kernel), 30 plants in the two central rows were harvested, and ears with more than 30 kernels were considered representative of an effective ear. Grain yield, ear number, kernel per ear, and 1000-kernel weight were determined. Kernels were hand-threshed and counted in all effective ears of each plot to determine the number of kernel per ear. Two samples of 500 kernels from each plot were selected and dried in an oven at 80 • C until reaching a constant weight, and then, the water content and 1000-kernel weight were calculated. Kernel weight was calculated as the ratio of the final grain yield to the kernel per plot. Grain yield was adjusted to a 15.5% moisture content.
In 2014, 2015, and 2017, thirty plants were tagged in each plot which had similar growth conditions, and the cobs were bagged before silking. After silking, all of the tagged cobs were artificially pollinated. At 7 days after silking, two tagged plants were sampled per plot every 7~8 days until the kernels reached physiological maturity. The central kernels of the cobs were selected, stripped, and dried in an oven at 80 • C until constant weight. We analyzed the kernel dry weight dynamics using the Logistic equation [29, 30] in Equation (1):
where y is the 1,000-kernel weight, a is the final 1,000-kernel weight, t is the days after flowering and b, c, and e are parameters set by the regression equation.
In the analysis, we calculated the following secondary parameters to describe the grain-filling characteristics, which included the turning point 1 (t 1 ), turning point 2 (t 2 ), fast-increasing period (∆t), weight of maximum grain-filling rate (Wmax), maximum grain-filling rate (Gmax), days of maximum grain-filling (Dmax), grain-filling duration (P) and average grain-filling rate (Gmean) as follows [29, 30] :
Gmean = a P This article only used data of kernel number loss of 2017, because the kernel number loss had been discussed in a previously published paper [24] and the results were basically consistent with that of 2017. In 2017, ten days after silking, five tagged plants were sampled and brought to the lab to assess their floret numbers and pollination condition. The final kernel number per ear (FKN) was assessed by five tagged plants at harvest. The percent loss of kernel number due to floret abortion (Loss1), percent loss of kernel number due to pollination failure (Loss2), and percent loss of kernel number due to kernel abortion (Loss3) were calculated as follows:
where FAN is floret abortion number, FN is floret number, UFN is unfertilized floret number, and PFN is pollination floret number.
Weather data (maximum temperature, mean temperature, minimum temperature, sunshine duration, solar radiation, and precipitation) from 1990 to 2017 were collected from the Agro-Meteorological Experimental Stations (AESs) of the Chinese Meteorological Administration in Wuqiao. The calculation of PTt was based on the calculation of GDD by the canonical form [27] :
where N1 is 1 January, N2 is the sowing date, and ∆Ti is the daily thermal time. ∆Ti is calculated as follows:
Statistical Analysisc
The period from emergence to maturity of maize was divided into two stages for analysis: the critical period from twelfth leaf to blister (V12-R2) as vegetative and reproductive co-growth stage, which include from twelfth leaf to silking (V12-R1) as the developmental stage of ear and tassel, form silking to blister (R1-R2) as the pollination and the first stages of grain-filling, and the period from blister to physiological maturity (R2-R6) as reproductive stage [28, 31, 32] .
The linear regression analysis between yield and sowing date (PTt) were assessed using SPSS 18.0 (SPSS Inc., Chicago, IL, USA). The linear regression analysis between meteorological characteristics and sowing date (PTt) were carried out. The correlations analysis between yield and meteorological factors were estimated using SPSS 18.0. Differences of the sources of loss in kernel numbers between treatments were evaluated with one-way ANOVA (p < 0.05) using SPSS 18.0 and means comparison by Fisher's Least Significant Difference (LSD)-test to establish the significance of the differences among means. The curves of the kernel dry weight dynamics were fitted using CurveExpert 3.0 (Hyams Development). Figures were prepared using Sigmaplot 12.0 (Systat Software, Inc., San Jose, CA, USA).
Results
Variations in Maize and Yield Components of Maize at Different Sowing Dates
Maize yield was positively correlated with the pre-thermal time (PTt) (r = 0.62**) ( Figure 2 ). The yield stabilized at greater than 10,500 kg ha −1 when the maize was sown above 479 • C. The trends of kernel number and 1000-kernel weight were basically consistent with yield, and kernel number and 1000-kernel weight were positively correlated with the PTt (r = 0.71** and r = 0.58*, respectively). No association was found between ear number and PTt, but ear number was basically stable at approximately 6.45 m −2 .
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Meteorological Characteristics Analysis under Different Sowing Dates
The sunshine duration from emergence to silking (VE-R1) decreased (r = 0.87**) with the postponement of the sowing date and was not related to the sowing date from silking to maturity (R1-R6) ( Figure 3 ). The precipitation of VE-R1 increased (r = 0.55**) with delaying planting, but decreased (r = 0.38*) during R1-R6. The daily mean temperature (Tmean) of VE-R1 increased (r = 0.91**) with later planting, but decreased (r = 0.86**) during R1-R6. The growth period of VE-R1 linearly decreased with the delay of sowing date, while the growth period of R1-R6 showed the opposite trend (r = 0.51**). From the regression equation, the Tmean of R1-R6 was less than 24.5 °C when maize was sown after PTt 479 °C, but the growth period was more than 60 days.
The cumulative stressful days (number of days with Tmax ≥33 °C) of VE-R1 increased (r = 0.65**) with the postponement of the sowing date, but it decreased (r = 0.74**) during R1-R6. The cumulative number of stressful days of R1-R6 was less than 10 days when maize was sown after PTt 479 °C. The cumulative number of low sunshine days (number of days with sunshine duration <4 h) of VE-R1 increased (r = 0.54**), and no relationship was found between cumulative low sunshine days and sowing date during R1-R6. 
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Correlation Analysis of Meteorological Factors and Yield in Different Growth Periods
To analyze the relationship between meteorological factors and yield, we divided the growth period associated with the formation of kernel number and weight into two major stages: the vegetative and reproductive co-growth stage (V12-R2) and reproductive stage (R2-R6) ( Table 2 ). The cumulative precipitation of V12-R2 was negatively correlated with yield and kernel number. The Tmax and Td of V12-R2 were negatively correlated with yield, kernel number, and 1,000-kernel weight. During R2-R6, Tmax and Tmin were negatively correlated with yield, kernel number and 1000-kernel weight. Changes of the cumulative sunshine duration, cumulative precipitation, daily mean temperature, cumulative stressful days (number of days with Tmax ≥ 33 °C), cumulative low sunshine days (number of days with sunshine duration﹤4 h), and growth duration from both emergence to silking (VE-R1) and silking to physiological maturity (R1-R6) at different sowing dates of maize in 2012-2017. *: p < 0.05; **: p < 0.01
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Influence of Different Meteorological Factors on Kernel Number and Weight Formation
In 2014, 2015, and 2017, to explain more clearly the effect of the maize plant morphology on the kernel set in different meteorological factors, we divided the V12-R6 into three stages: the developmental stage of the ear and tassel (from twelfth leaf to silking (V12-R1)), pollination and first grain-filling stage (from silking to blister (R1-R2)) and effective grain-filling stage (from blister to physiological maturity (R2-R6)).
Growing Conditions during Bracketing Flowering and the Grain-Filling Stage
The changes of cumulative Tmax, Tmin, Td, sunshine duration and precipitation during V12-R6 of different years in different sowing dates were investigated in this study (Table 3 The Td gradually decreased as the sowing date delayed during the period of V12-R1 and R1-R2 in all of the years, but it increased by degrees in R2-R6. The changes of Td, which related to changes of Tmax and Tmin, were also considered in this study. During V12-R1, Tmax and Tmin of SD3 were reduced by 1.3 • C and 2.0 • C compared with SD4 in 2014, respectively. In 2015, Tmax of SD3 was raised by 0.5 • C compare with SD4, but Tmin was reduced by 1.9 • C. In 2017, Tmax and Tmin of SD3 were reduced by 1.9 • C and 2.8 • C compared with SD4, respectively. It was indicated that the high Td of early-sown dates in V12-R1 was caused by the low Tmin. Likewise, the high Td of early-sown dates in R1-R2 was caused by the high Tmax, and the low Td of early-sown dates in R2-R6 was caused by the high Tmin.
Formation of the Kernel Number
As the sowing date was postponed, the floret number (FN) first increased and then decreased, and the number of florets in SD2 and SD3 were higher than other treatments in 2017 (p < 0.05) ( Table 4 ). The sum of floret abortion number (FAN) and unfertilized floret number (UFN) of early-sown dates (SD1, SD2, and SD3) were higher than late-sown dates (SD4, SD5, and SD6). The final kernel number (FKN) in SD4 and SD5 were higher than SD2 and SD3. The percent loss of kernel number due to floret abortion (Loss 1) in SD5 was higher than other treatments (p < 0.05), and that in other sowing dates was small and had no distinction. The percent loss of kernel number due to pollination failure (Loss 2) of different sowing dates gradually decreased with the postponed sowing date. Loss 2 of SD1 and SD2 were higher than other treatments (p < 0.05). The percent loss of kernel number due to kernel abortion (Loss 3) first increased, then decreased and finally increased. Loss 3 of SD3 was higher than other treatments (p < 0.05) and up to 38.7%. The total loss rates (Loss 1 + Loss 2 + Loss 3) of the three abortion pathways in SD2 and SD3 were 48.5% and 50.6%, respectively. Within the three pathways of abortion scenarios, Loss 3 was greatest. 
Formation of Kernel Weight
The change trend of the dry weight of 1000 kernels of maize in filling periods at different sowing dates was consistent with the Logistic mode (Figure 4 ), and r 2 of the logistic equation was between 0.985 and 0.998, indicating an acceptable fitting degree (Table 5) . 
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Discussion
Optimum Sowing Date
Without nutrient limitations, maize growth and development in the field are mainly influenced by temperature, radiation, photoperiod, and precipitation [33] . Under the influence of these factors, maize yield in this paper showed the trend of linear correlation (Figure 2 ). Among these factors, temperature has the greatest influence on development of modern maize varieties, as it determines the rate and duration of developmental phases [34] . Our results also showed that the daily mean temperatures (Tmean) from emergence to silking (VE-R1) and from silking to maturity (R1-R6) were correlated (r = 0.91**; r = −0.86**) with the sowing date, and these relationships were more significant than sunshine duration and precipitation ( Figure 3) . The Tmean and the cumulative stressful days of R1-R6 decreased with the postponement of the sowing date (r 2 = 0.74**; r 2 = 0.55**), which should be suitable for kernel growth. Due to the temperature reduction, the growth duration after silking increases with the postponement of the sowing date, which is more favorable for grain filling [35] .
Maize was sown after a pre-thermal time (PTt) of 479 • C, the yield was steadily maintained at a high level (>10,500 kg ha −1 ). The average annual growing degree-days (GDD) in this district was 2612 • C during the six experimental years, and the GDD required for maturity of the Jinhai 5 variety used in this study was approximately 1850 • C. Therefore, it seems that maize should be sown before PTt 750 • C (the annual GDD minus the GDD required for Jinhai 5) to satisfy the GDD required for maturity. Since 75% of precipitation was concentrated from June to August (Figure 1) , the precipitation of VE-R1 increased but then decreased during R1-R6 (Figure 3) . Therefore, it is important for the maize mono-cropping system to make optimal use of natural precipitation in this stage. In this case, we can select an optimum sowing date when PTt is between 480 • C and 750 • C and when soil moisture is better, which can save groundwater and provide a more suitable environment (i.e., temperature, precipitation, growth duration) for maize reproductive growth.
Meteorological Factors Influence the Kernel Set
The vegetative and reproductive co-growth stage and reproductive stage are the key periods for kernel number and weight formation [28, 31, 32] . As global warming increases, temperature limits the growth and development of kernels, which is the main factor of maize yield reduction [36, 37] . Results from six years showed that daily maximum temperature (Tmax) and daily minimum temperature (Tmin) from the twelfth leaf to blister (V12-R2) and from blister to physiological maturity (R2-R6) were negatively correlated with yield, kernel number and 1000-kernel weight (Table 2) . Frequently, heat stress and drought stress simultaneously occur in the field [10, 12, 38, 39] . To separate the interaction effect of drought stress on high temperature stress, our experiment provides sufficient irrigation supplementation to ensure that drought stress does not occur. As a result, precipitation was negatively correlated with yield and kernel number only during V12-R2. It is likely as rainfall increases that the sunshine duration and temperature will change, which will affect the development of reproductive organs and the process of pollination [40] . The relationship between grain filling and meteorological factors have been discussed in 2014, 2015, and 2017. Three years of results showed that the higher Tmax and diurnal temperature (Td) of from silking to blister (R1-R2) in early-sown dates (SD1, SD2, and SD3) accelerated the time when the grain filling reached turning point 1 (t1) compared with late-sown dates (SD4, SD5, and SD6). The kernel assimilate availability per kernel during the first stages of grain filling was enhanced by high temperature stress and large Td, so the dry matter of kernel accumulated faster [31] . Thus, kernel entered the effective grain-filling period earlier. In addition, the high Td of early-sown dates in R1-R2 was caused by a high Tmax compare with late-sown dates (Table 3) . Previous studies have shown that heat stress during the first stages of grain filling reduces the assimilate availability of the effective grain-filling period, which causes an earlier cessation of grain filling [31, 32, 41] . Therefore, the turning point 2 (t2) of early-sowed dates appeared earlier in our experiments, and then fast-increasing period (∆t) and grain-filling duration (P) were shortened. Most of the grain-filling parameters of SD3 were generally the smallest in all years (Table 5) , which may be affected by the Tmax of this sensitive stage (R1-R2). In addition, the t1 of SD4 occurred at the latest point in 2017, because the combined effects of low sunshine, low Tmax, and low Td in R1-R2, which are caused by a great deal of rainfall (Tables 2  and 4 ). It does not commonly occur with three years meteorological data.
Except for SD1, the Tmax values of R2-R6 were generally all less than 32 • C in 2017. That is, Tmax has a minimal influence on the effective grain-filling period, so the Td of R2-R6 maybe became the main influencing factor for grain filling. In addition, the Wmax of early-sown maize certainly decreased by the narrow Td of R2-R6 in all years. The Td values of early-sown dates of R2-R6 were minimized by increased Tmin compare with late-sown maize ( Table 3) . As the climate became warmer, Td was mainly driven by the rapid increase in the high night temperature [1, 20, 42] . Chen et al. (2017) [43] found that the nighttime temperature increase caused significant increments in grain yields for late rice, but this warming significantly reduced grain yields for early rice, consistent with our results in maize. It was hypothesized that this effect was because high night temperatures increase the respiratory assimilation demand at a given supplying level and the leaf blades and 1000-grain weight are inhibited, resulting in significant decreases in crop biomass production and grain yield [19, 42, 44] . To conclude, kernel weight of early-sown maize was primarily limited by the high Tmax of R1-R2 and high Tmin of R2-R6.
Meteorological Factors Influence the Kernel Number Formation
The relationship between kernel number and meteorological factors have also been discussed in 2017. High temperature stress influences meiosis, growth of the ovaries during the pre-anthesis period, production and transfer of pollen during anthesis, and flowering dynamics, all of which reduce the kernel number [32, 37, 38, 45] . Compared with other sowing dates, the total floret numbers in SD2 and SD3 were increased, which benefited from the optimum temperature of V12-R1 (Tables 4 and 5 ). Low light conditions before anthesis also reduce grain number in wheat [40] . Although SD5 has a finely optimum temperature of V12-R1, the sunshine duration was the least and Td was the smallest, which potentially led to the highest floret abortion (Loss 1).
The pollination failure rates (Loss 2) of early-sown dates (SD1, SD2, and SD3) were higher than those of late-sown dates (SD4, SD5, and SD6), and this change trend of Loss 2 was basically consistent with the Td of R1-R2. On the one hand, the high Tmax not only reduced the number of exposed silks but also increased abortion of fertilized ovaries [24, 45, 46] . On the other hand, the plant growth rate accelerated with the large Td. Thus, silking duration may be shortened by a large Td, which leads to an insufficient pollination time.
The formation kernel number and kernel weight interact with each other [35] . Since the grain filling of the middle part of the maize ear was restrained by the high Tmax of R1-R2 and high Tmin of R2-R6 under SD3 (Table 5) , the grain filling of the apical kernel was also deficient. Kernel abortion (Loss 3) mainly occurs at the apical kernel of the maize ear [24] . Thus, kernel abortion under SD3 was the largest. Previous studies attributed the final reduction in grain number to kernel abortion but not the failure of pollination [45, 47] . Our research also found that among the three pathways of the abortion scenarios (Loss 1, Loss 2, and Loss 3), kernel abortion (Loss 3) accounted for the most crucial proportion (Table 4) .
In summary, both kernel number and kernel weight of early sown maize were mainly restricted by the high Tmax of R1-R2 and high Tmin of R2-R6. The high temperature also occurred during June to August in this region (Figure 1) . Regulating the maize sowing date can avoid the high temperature in sensitive periods of the kernel set. Yet, avoidance measures may be limited regarding the ability to achieve the maximum yield. Furthermore, avoidance measures will not protect the crop when unexpected and frequent abiotic stress events occur in the future [48] . In this case, a tolerance measure achieved by breeding is required to protect plant reproductive development under all abiotic stress conditions [10] . We believe that future studies should concentrate on breeding varieties that are tolerant of a high Tmax at pollination and the first grain-filling stage and a high Tmin in the grain-filling stage to obtain the maximum final grain yield, as well as to adapt to extreme climate environments.
Conclusions
For early-sown dates, the effective grain-filling duration was shortened by a high daily maximum temperature (Tmax) form silking to blister (R1-R2). The kernel weight of the mean grain-filling rate was reduced by a high daily minimum temperature (Tmin) from blister to physiological maturity (R2-R6). As a result, kernel weight was reduced. Similarly, grain-filling of apical kernels was restrained, which led to an increase of kernel abortion. The pollination failure increased due to the high Tmax of R1-R2. Both pollination failure and kernel abortion could reduce the final kernel number. Consequently, when the annual growing degree-days are much larger than the growing degree-days needed for the maturity of maize in the North China Plain, the sowing date of the mono-maize cropping system should be appropriately delayed. Maize can effectively avoid the negative effects on kernel number and weight formation, due to the high Tmax of R1-R2 and high Tmin of R2-R6 when sown at a PTt of 480 • C~750 • C in NCP.
